A simple method to obtain homogeneous sub-monolayer coverage of metal oxide and chalcogenide nanocrystals onto porous oxide supports is described. Quantitative nanoparticle coverage was probed using photonic macroporous oxide supports. Composites of nanocrystals of TiO 2 , Fe 3 O 4 or CdS dispersed onto macroporous SiO 2 or ZrO 2 all show a predictable linear shift in the photonic stop band position.
The development of methods for the systematic construction of materials is necessary for the rational implementation of function. For widespread application, simple and scalable methods are required. Materials comprising, or incorporating, nanoparticles have applications based on their unique size-dependent physical and chemical properties and high surface area to volume ratio. To avoid compromising performance, it is therefore important to avoid nanoparticle aggregation and sintering. 1 In solution, surface ligand (steric) or electrostatic stabilisation is typically used to prevent aggregation and precipitation, whereas in the solid state dispersion on a stable, non-interacting support is required.
1
A further challenge is to develop synthetic methodologies that incorporate nanoparticles with controlled shape and size, which are distributed homogeneously throughout a porous substrate. In-situ nanoparticle formation and coating using vapour deposition techniques or soluble metal salts do not typically allow control of nanoparticle shape and size and usually lead to a heterogeneous distribution.
2 Alternatively, ligandstabilised nanoparticles with pre-formed shape and size can be prepared independently for subsequent deposition onto a substrate, and there are several examples using metal nanoparticles (principally gold) for catalytic and analytical applications. 3 However, it is still necessary to avoid nanoparticle aggregation during deposition or post-synthesis processing, particularly as the nanoparticle loading increases.
To control nanoparticle dispersion, surface treatments such as silylation have been developed for porous ceramic monoliths that increase the nanoparticle to substrate hydrophobic interaction, 4 and specific bonding interactions such as disulphide linkages to anchor Au nanoparticles. 3b, 5 All these studies are limited to metal nanoparticles supported on monoliths for principally catalytic and analytical applications and typically use metal loadings < 5 wt%.
To the best of our knowledge there are no general procedures for obtaining high loadings (ca. >10 wt %) of semiconductor nanocrystals on porous solids that result in homogeneous coverage. Herein, we describe a very simple procedure for quantitatively depositing nanocrystals of binary oxide and chalcogenides into porous oxides. Specifically, ordered macroporous oxides have been chosen because in addition to electron microscopy techniques, the distribution of the nanoparticles can be examined by measuring the optical properties of the macroporous substrate and their nanoparticle composites. Whilst the coverage of planar surfaces is ubiquitous in materials chemistry, bulk assessment of homogeneous coverage is far from straightforward. Ordered macroporous materials are of significant interest because of their optical properties as three dimensional photonic crystals. A characteristic feature of photonic materials is stop bands which represent wavelengths that cannot propagate through the photonic medium. Stop bands of many materials can be conveniently measured using diffuse reflectance UV-Vis spectroscopy (DRUVS) and the position is dependent on several parameters including the modulation of the refractive index between the material and the voids (vide infra). 6a, 11 The coating method described here allows the predictable modification of photonic properties and integration of functional nanoparticles to give composites that could have application in a range of photonic and chemical technologies.
Ordered macroporous materials were prepared using a modified literature procedure from a polystyrene sphere template, which was impregnated with a soluble precursor, followed by calcination in air. 12 This method allows control of the pore size, although thermal shrinkage ultimately gives pores that are smaller than the template. Initially, macroporous silica (macSiO2) derived from 500 nm polystyrene spheres was prepared and scanning electron microscopy (SEM) shows a 420 nm periodic array of voids commensurate with an inverse opal structure ( Figure 1a ). DRUVS of a powdered sample shows two intense stop bands at 700 and 425 nm ( Figure 2a ), which correspond to the 111 and 220 optical Bragg reflections, and consequently mac-SiO2 appears red in reflected white light and green in transmission, respectively. 6a Powder X-ray diffraction (PXRD) shows that the walls comprise amorphous SiO2. Nanocrystals of titanium dioxide (nan-TiO2) were prepared using a hydrothermal method with oleic acid as the surface stabilising ligand. 13 Transmission electron microscopy (TEM) ( Figure 3a ) and PXRD showed that the nanoparticles are on average 8.9 ± 1 nm in diameter, single crystalline and exhibit the anatase phase. Combustion analysis gave an oleic acid:TiO2 molar ratio of 1.25:1 and the nanocrystals can be dispersed in common organic solvents to give optically transparent solutions. In order to obtain sub-monolayer coverage of mac-SiO2 with nan-TiO2, target loadings were selected based on the measured (BET) surface area of mac-SiO2 (91±1 m 2 g -1 ) and estimation of the area of a single nan-TiO2 particle obtained from TEM imaging. Calculation (see the Supporting Information) showed that a loading of 50 wt% of nan-TiO2 gives an estimated coverage of mac-SiO2 of ca. 20 %, and would give a measurable change in the DRUVS stop band position (vide infra). In this study nanoparticle loadings of between 4 and 60 wt% have been investigated for mac-SiO2. Deposition of the nanocrystals was initially attempted by simply evaporating a hexane or chloroform solution of the nanocrystals containing a suspension of mac-SiO2. SEM showed that after calcination at 500 o C for 5 hr the nan-TiO2 had aggregated to give a largely phase separated composite and that some of the macropores were occluded with the nan-TiO2 aggregates ( Figure S3c ). The interaction between nan-TiO2 and mac-SiO2 is therefore insufficient to drive adsorption, however if the nan-TiO2/mac-SiO2 interaction is irreversible, local concentrations of nanocrystals are also likely to be observed. Thus there is a requirement for optimisation of the adsorptiondesorption equilibria between the nanocrystals, the solvent medium, and the porous support. To increase the interaction between nan-TiO2 coated with oleic acid and mac-SiO2, the surface of mac-SiO2 was modified to increase the lipophilicity. A range of hydrocarbylsilanes and fatty acids, which react with surface hydroxide groups and are covalently bound to the silica surface, were investigated at a series of concentrations. Solvents of varying polarity were also investigated ranging from water to hexane. After optimisation, it was found that coating mac-SiO2 with oleic acid and adding oleic acid to a chloroform solution of nanTiO2, gave a homogeneous distribution of nan-TiO2 in mac-SiO2 (nan-TiO2@mac-SiO2). Removal of the oleic acid ligands and residual solvent on calcination at 500 o C gave nan-TiO2@mac-SiO2 with no evidence of nan-TiO2 aggregation or agglomeration as initially judged by SEM comparison of mac-SiO2 and nanTiO2@mac-SiO2, which are essentially indistinguishable ( Figure  1b) . The composites are chemically robust to dissolution of the nan-TiO2 nanocrystals or their aggregation in water or common organic solvents. TEM clearly shows that the surface of macSiO2 is decorated with particles commensurate with nan-TiO2 (Figure 3b and c) . Sub-monolayer coverage is evident and a tilt series of TEM micrographs and elemental mapping (using Scanning TEM (STEM)/ energy dispersive X-ray analysis (EDX)) ( Figure S4a) indicates that the surface of the macropores is homogeneously decorated with nan-TiO2 with no evidence of localised concentration. TEM selected area electron diffraction (SAED) (Figure 3d ) confirm that the particles are the anatase polymorph of TiO2, which is also supported by PXRD ( Figure  S5b ). EDX gave a Ti:Si elemental ratio consistent with the target loading of 60 wt%. DRUVS data of 4 -60 wt% loaded nan-TiO2@mac-SiO2 showed that the stop bands are red shifted to longer wavelengths ( Figure 2a ) with respect to mac-SiO2, and that the shift is directly proportional to the loading (Figure 2b) . The relationship between the stop band maximummax), the relative refractive indices (n) of the void and wall materials, the macroporous lattice plane spacing (dhkl), the volume wall fill factor (), and the Bragg plane order (m), is shown in Equation (1).
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A red shift of max is commensurate with the addition of a material with a greater refractive index than the materials that comprise the existing wall or voids (n = 2.49 (TiO2), 1.45 (SiO2) and 1.00 (air), respectively). The addition of a third component to the macroporous structure modifies Equation (1) to give Equation (2), where  is the volume fraction of TiO2.
In the absence of significant dispersion and scattering effects, the two most intense stop bands at 425 and 700 nm are expected to exhibit different shifts of max as a function of loading, which is reflective of the ratio of the interplanar spacing d220/d111 = 0.612. 6a The ratio of the gradients of the lines of least squares fit for the shift in max at the bands centred at 425 and 700 nm is 0.18/0.28 = 0.64 which is in good agreement and confirms the Bragg reflection assignments. The filling factor, ,for mac-SiO2 without nan-TiO2 can be calculated from Equation (1) or (2) and gives  = 4.9 %, which is similar to reported examples of macroporous silicas. 6a The addition of nan-TiO2 gives a linear increase in the total fill factor ( + )to a maximum value of 7.1 % for the 60 wt% loading, and a change in max (max) = 24 nm indicating that the majority of the volume in these materials is void, as shown by the SEM and TEM images. In addition the intensity of the stop band is not significantly reduced on progressively increasing the titania loading indicating that the coverage of the nan-TiO2 particles is homogeneous. For materials where agglomeration or aggregation of TiO2 occurred the stop band intensity was observed to be significantly broadened and reduced. The deposition methodology is also applicable to other nanoparticles and porous oxides. For example, oleic acid stabilised nanocrystals of Fe3O4 (nan-Fe3O4) 14 (size 5-10 nm) or oleic acid stabilised nanocrystals of CdS (nan-CdS) 15 (size 2-5 4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 nm) were also deposited onto mac-SiO2. For the nan-CdS composites removal of the stabilising ligands and oleate moieties was achieved under an argon atmosphere to prevent CdS oxidation. SAED and PXRD indicated the retention of the nanocrystal structure, and microscopy showed homogeneous coating analogous to nan-TiO2@mac-SiO2, for example as shown by elemental mapping for nan-Fe3O4@mac-SiO2 ( Figure  4 ). The DRUVS data of nan-Fe3O4@mac-SiO2 again exhibited a red shift ( Figure S6b ) of max proportional to the nanocrystal loading. The slope is commensurate with an increase in the refractive index of the macroporous structure (n = 2.40 (Fe3O4)), to give an increase in the total filling factor, and shifts of max very similar to that of nan-TiO2@mac-SiO2. Furthermore, other macroporous oxides can be similarly decorated, for example, mac-ZrO2 to give nan- . In contrast to mac-SiO2, which is formed from amorphous SiO2, mac-ZrO2 is composed of nanocrystalline tetragonal ZrO2 ( Figure S5e ). Scherrer analysis of the PXRD data of mac-ZrO2 typically gave a calculated crystallite size of 5 nm indicating that the macroporous support and impregnated nanoparticles are of comparable size. For macZrO2 (n = 2.20) derived from a 400 nm template a periodicity of 270 nm is observed, which exhibits one stop band, with max = 490 nm for the 111 Bragg reflection. A filling factor  = 7.2 % is calculated for mac-ZrO2, which in comparison to mac-SiO2 ( = 4.9 %) is consistent with an increase in wall density and greater shrinkage in mac-ZrO2. This is also reflected in the much lower surface area (20.6 ± 0.3 m 2 g -1 ) of mac-ZrO2 in comparison to mac-SiO2 (91±1 m 2 g -1 ).
Coating of mac-ZrO2 with oleic acid allowed the homogenous decoration with nan-TiO2 or nan-Fe3O4 as judged by the SEM and TEM data. Again, using the measured surface area an estimation of sub monolayer coverage suggested an upper limit of ca.30 wt % for nan-TiO2 or nan-Fe3O4 nanoparticles. DRUVS data for a series of loadings between 4 and 27 wt% nanTiO2@mac-ZrO2 gives a linear red shift of the stop band max, where for example 27 wt% nan-TiO2@mac-ZrO2, gives max = 32 nm ( Figure S6c ). This gives a calculated total filling factor of 12.5 %, which is greater than for analogous nan-TiO2@mac-SiO2 composites because of the reduced pore size and periodicity of mac-ZrO2.
Of note is the change in surface area on addition of nanoparticles to mac-SiO2 and mac-ZrO2. For example 10 wt% nan-TiO2@mac-SiO2, exhibits a reduced surface area of 83±1 m 2 g -1 in comparison to mac-SiO2, whereas for 10 wt% nanTiO2@mac-ZrO2 a greater surface area of 29.3±0.3 m 2 g -1 is observed in comparison to mac-ZrO2. For dense, microcrystalline, mac-ZrO2 the addition of nan-TiO2 presumably increases the surface roughness and overall surface area, whereas for amorphous mac-SiO2 the addition of nan-TiO2 indicates that the nanoparticles are embedded into the surface blocking access to area within the amorphous walls.
Conclusions
Modification of the nanoparticle and substrate surfaces provides a very simple methodology for the homogenous deposition of metal oxide and metal chalcogenides on oxide supports. The surface coating and the solvent medium control the nanoparticle dispersion, and the nanoparticle/nanoparticle and nanoparticle/support interactions. On calcination isolated nanoparticles are obtained, which are in direct contact with the support. Microscopy and optical data show that for ordered macroporous supports the photonic properties are retained and that the stop band position can be predictably modified as a function of nanoparticle refractive index and loading. Indeed once a calibration curve has been determined, the loading of a macroporous material can be obtained simply by measuring spectroscopically the position of a stop band.
